Abstract. Panax ginseng, a traditional Chinese medicine, is used worldwide for its variety of health benefits and its treatment efficacy. However, it is difficult to cultivate due to its vulnerability to environmental stresses. The present study provided the first report, to the best of our knowledge, of transcriptome analysis of ginseng at the leaf-expansion stage. Using the Illumina sequencing platform, >40,000,000 high-quality paired-end reads were obtained and assembled into 100,533 unique sequences. When the sequences were searched against the publicly available National Center for Biotechnology Information protein database using The Basic Local Alignment Search Tool, 61,599 sequences exhibited similarity to known proteins. Functional annotation and classification, including use of the Gene Ontology, Clusters of Orthologous Groups, and Kyoto Encyclopedia of Genes and Genomes databases, revealed that the activated genes in ginseng were predominantly ribonuclease-like storage genes, environmental stress genes, pathogenesis-related genes and other antioxidant genes. A number of candidate genes in environmental stress-associated pathways were also identified. These novel data provide useful information on the growth and development stages of ginseng, and serve as an important public information platform for further understanding of the molecular mechanisms and functional genomics of ginseng.
Introduction
Panax ginseng C.A. Meyer is a perennial herb from the Araliaceae family, and its roots have been widely used in China for thousands of years as a tonic or adaptogen as it stated to promote vitality, enhance physical performance, and increase resistance to stress and aging (1) (2) (3) . The annual growth cycle of ginseng is a process that begins with bud breakage and leaf expansion in the spring, followed by flowering, fruit set, ripening, leaf loss and root growth following fruiting in the autumn (4) . From a root growing perspective, each step in the process is vital in the development of ginseng, particularly in the leaf-expansion period, as growth during this period determines future quality and yield (5, 6) .
Ginseng grows well in semi-shade conditions due to its sensitivity to high temperatures. Usually, it takes 5-6 years for ginseng to grow a mature root under optimal conditions. However, ginseng cultivation is difficult due to its vulnerability to environmental stresses (7, 8) . During long-term cultivation, plants may be attacked by several abiotic and fungal pathogens, which can cause severe damage to the plants (9, 10) . To survive under different stresses, plants have developed mechanisms to perceive external signals and manifest adaptive responses, which are accompanied by appropriate physiological changes (11) . These clues can assist in identifying specific unknown genes in ginseng.
Transcriptome analysis is useful and convenient for the identification of novel genes, and provides information on gene expression, gene regulation and the amino acid content of proteins (12) (13) (14) . Although RNA sequencing-based transcriptome analysis of ginseng has been performed, its transcriptome has not been comprehensively described, and the stress-associated genes active during growth remain to be fully elucidated (15, 16) .
In the present study, using Illumina technology, >3,000,000,000 bases of high-quality cDNA sequence were generated from ginseng in the leaf-expansion period without any prior genome information. Environmental stress-associated proteins, including pathogenesis-related proteins, antioxidants, metal stress proteins and other stress-induced proteins, were also found for the first time. The assembled, annotated transcriptome sequences and gene expression
De novo sequencing and analysis of the transcriptome of Panax ginseng in the leaf-expansion period profiles not only provide valuable information closely associated with its medicinal effects, but are also important for further investigations on gene identification, variety selection, quality control, genetic resource development and secondary metabolites.
Materials and methods
Plant materials. Panax ginseng roots in the leaf-expansion period were used as experimental materials in the present study. The samples were collected from Fusong County (Jilin, China). The fresh tissues were cut into small sections of >1 cm following cleaning, and these were immediately frozen in liquid nitrogen and stored in -80˚C freezers until use.
RNA and library preparation for transcriptome analysis.
The samples were homogenized to a fine powder in liquid nitrogen and total RNA was isolated using the improved method with TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA), according to the manufacturer's protocol. The RNA quality was analyzed using an ethidium bromide-stained 1% agarose gel, and RNA integrity was confirmed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, USA) (17, 18) . The total RNA for transcriptome analysis was purified using an Illumina kit (Takara Biotechnology, Co., Ltd., Dalian, China), according to the manufacturer's protocol. The mRNA was purified using oligo (dT) magnetic beads, and then randomly segmented into small fragments using divalent cations in a fragmentation buffer (Takara Biotechnology, Co., Ltd.) (19) . The cleaved RNA fragments were used as templates to synthesize first-strand cDNA using random hexamer primers. Second-strand cDNA was synthesized using ribonuclease (RNase)H (Takara Biotechnology, Co., Ltd.) and DNA polymerase I (Takara Biotechnology, Co., Ltd.) (20) . The short fragments were purified using a polymerase chain reaction (PCR) extraction kit (Takara Biotechnology, Co., Ltd.) and connected with sequencing adapters (Illumina, Inc., San Diego, CA, USA). Following agarose gel electrophoresis, suitable fragments (250±25 bp) were selected for PCR amplification as templates.
Sequencing, de novo assembly and functional annotation.
Library sequencing was performed on the Illumina sequencing platform (HiSeq 2000) (21) . The average fragment size of the library was ~200 bp, and both ends of the fragments were sequenced (22) . The raw reads were cleaned by removing the adaptor sequences, empty reads and low-quality sequences (reads with unknown sequences; 'N'). These raw reads were randomly clipped into 29-mers for sequence assembly using Trinity software version 2.0 (github. com/trinityrnaseq/trinityrnaseq/wiki) (23) . Small K-mers resulted in graphic outputs, which were too complex to be meaningful, whereas large K-mers resulted in poor overlap in regions with low sequencing depth (24) . The contigs were subjected to further processing by unigene clustering to form longer sequences without N. To assemble all the unigenes from the two samples and form a single set of non-redundant unigenes, the unigenes were clustered using TIGR Gene Indices Clustering (TGICL) tools (25) . Quantification of the transcript levels were in reads per kilobase of exon mode per million mapped reads (RPKM) (26) . Unigenes are firstly aligned by blastx to protein databases of Nr (ftp://ftp.ncbi.nih.gov/blast/db/FASTA) and Swiss-Prot database (www.uniprot.org/). Blast2Go software (www. blast2go.com) was used to obtain functional annotations using Gene Ontology terms (GO; geneontology.org) (27, 28) . The Clusters of Orthologous Groups (COG) database (www. ncbi.nlm.nih.gov/COG) was also used to predict and classify the functions of the unigenes, and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (www. genome.jp/kegg/kegg1.html) was used to perform GO functional classification and a survey of the biological pathways of the unigenes (29, 30) .
Reverse transcription-quantitative (RT-q)PCR validation.
The selected genes, which were identified in the transcriptome sequencing analysis, were validated and quantified using RT-qPCR. Primers were designed according to the Illumina sequencing data with PrimerPremier 5.0 (www.premierbiosoft.com/primerdesign/index.html ). The quantitative reaction was performed using an Mx3000p Real-Time PCR detection system with the One Step SYBR PrimeScript PLUS RT-PCR kit (Takara Biotechnology Co., Ltd.). The PCR amplification was performed in a 25 µl mixture containing 2 µl cDNA, 0.5 µl each primer, 12.5 µl SYBR Premix Ex Taq, 0.5 µl ROX reference dye II and 9 µl distilled water. The reaction was performed under the following thermocycling conditions: Initial denaturation, 95˚C for 30 sec; 40 cycles of denaturation at 95˚C for 5 sec, annealing at 54˚C for 15 sec and extension at 72˚C for 30 sec. The relative expression levels were calculated by comparing the quantification cycle (Cq) value of the target gene with that of the housekeeping gene, TH-t (data not shown). Relative gene expression levels were calculated using the 2 -ΔΔCq method (31) . All the primer sequences used for RT-qPCR are listed in Table I .
Results

Illumina sequencing, assembly and sequence analysis.
To develop a comprehensive overview of the ginseng transcriptome in the leaf-expansion period, total RNA was extracted from ginseng roots and reverse transcribed into cDNA. Following cleaning and quality checks, 40,385,232 high-quality reads were obtained, with an average length of 90 bp. The data were deposited in the National Center for Biotechnology Information (NCBI) ArrayExpress repository under the accession number E-MTAB-974. The raw reads, which were clipped into 29-mers, were assembled into 161,176 contigs with a mean length of 277 bp. Using paired-end joining and gap-filling, the contigs were further assembled into unique sequences using Trinity software. Following clustering using TGICL software, 100,533 unigenes were produced, with a mean length of 452 bp (Table II) . The length distribution of the contigs is shown in Fig. 1A , and of that of the unigenes is shown in Fig. 1B . The results showed that >41,236 unigenes (41.01%) were >500 bp in length.
Functional annotation of the transcriptome.
A sequence similarity search was performed against the NCBI non-redundant (nr) databases and Swiss-Prot protein database. There were 61,599 gene matches (61.27% of all distinct sequences) in the nr database, and 39,506 protein matches (39.30% of all distinct sequences) in the Swiss-Prot database.
GO assignments based on sequence homology were used to classify the functions of the distinct sequences; the 30,181 sequences in the library were categorized into 44 functional groups (Fig. 2) . In the three major categories (biological process, cellular component and molecular function), 55,395, 61,279 and 31,495 GO terms were assigned, respectively. It was noted the majority of the unigenes were annotated with 'metabolic process' (12,814 members; 23.13%), 'cellular process' (12,520 members; 22.60%), and 'response to stimulus' (4,796 members; 8.66%) under the 'biological process' category. By contrast, few genes were found in the clusters 'rhythmic process' (seven members), 'cell killing' (four members), 'extracellular region part' (four members), 'nitrogen utilization' (two members), and 'translation regulator activity' (two members). In the 'cellular component' category, unigenes annotated with 'cell' (20,899 members; 34.10%), 'cell part' (19,034 members; 31.06%), and 'organelle' (14,991 members; 24.46%) were predominant. The 'catalytic activity' (14,344 members; 45.54%) and 'binding' (14,014 members; 44.50%) classes were the most abundant in the 'molecular function' category.
To evaluate the completeness of the transcriptome library produced in the present study and the effectiveness of the annotation process, all unigenes were subjected to a search against the COG database. From 61,599 nr hits, 27,232 genes were clustered into 25 function categories (Fig. 3) . The 'general function prediction only' cluster was found to be the major COG category (4,306 members; 15.81%), followed by 'transcription' (2,352 members; 8.64%), 'posttranslational modification, protein turnover, chaperones' (2,264 members; 8.31%), and 'replication, recombination and repair' (2,113 members; 7.76%). The 'nuclear structure' (13 members) and 'extracellular structures' (five members) categories were the least-represented groups.
To identify the biological pathways active during the ginseng growth stage investigated, the annotated sequences were also mapped to the KEGG database. As a result, 24,486 sequences were assigned to 121 KEGG pathways. The pathways with the most representation by unique sequences were metabolic pathways (18.28%), followed by those associated with biosynthesis of secondary metabolites (8.95%) and plant-pathogen interaction (5.78%; Fig. 4) . These annotations provide a valuable resource for investigating specific processes, functions and pathways in ginseng.
Candidate genes involved in environmental stress. The top 10 most abundant transcripts in the ginseng transcriptome library are shown in Table III , with ribonuclease-like storage protein being the most abundant. A number of environmental stress genes were found among the transcripts in the library, including pathogenesis-related, antioxidant-related and metal stress proteins. There were several pathogenesis-related proteins (PRs) in the data set, including PR1, PR2, PR4, PR5 and PR10, with PR10 having the highest transcript level. A number of antioxidant genes expressed at high levels, including catalase and superoxide dismutase, were found in the present study (Tables IV and V) . The present study also analyzed metal stress proteins, heat shock proteins (HSPs), salt stress proteins and water stress proteins, which may be involved in plant defense responses (Table VI) . The accumulation of stress tolerance and pathogen response proteins in ginseng roots showed that it was sensitive to external environmental conditions in the leaf-expansion period.
RT-qPCR validation.
The accuracy of the data obtained in the present study for several genes was assessed by examining 
Discussion
Illumina sequencing technology offers novel potential in high-throughput sequencing for the majority of species, as it provides an accurate, rapid and cost-effective method for transcriptome analysis (32) . In the present study, ginseng in the leaf-expansion period was analyzed using this technology. A draft sequence was successfully generated and assembled, and high sensitivity in the coverage of weakly expressed genes was found. Additionally, the present study provided a basis for the functional analysis of genes involved in ginseng development without prior genome annotation, and demonstrated the feasibility of using the sequencing-based Illumina system for gene expression profiling.
Prior to the present study, ginseng was represented by only 565 sequences in the NCBI protein database and 12,071 sequences in the NCBI Expressed Sequence Tags database. In the present study, >40,000,000 reads with a mean length of 90 bp were produced. The high-quality reads were assembled into 100,533 unique sequences with a mean length of 452 bp, and 61,599 (61.27%) sequences showed a BLAST match above the cut-off level. These findings represent a substantial contribution to the existing sequence resources for ginseng and facilitate the acceleration of investigations into pharmacologically active substances.
To evaluate the completeness of the transcriptome library produced in the present study, and the effectiveness of the annotation process, the sequences were annotated using GO classifications, COG classifications and KEGG pathways. In total, 30,181 sequences were assigned to 44 GO classifications, 16,371 sequences to 25 COG classifications and 24,486 sequences to 121 KEGG pathways. These annotations provide a valuable resource for investigating specific processes, functions and pathways in ginseng, and facilitate comparisons of transcript levels within and between samples. The expression levels of the genes in the data were quantified by counting the number of RPKM. The RPKM measure of read density reflects the molar concentration of a transcript in the original sample by normalizing for RNA length and the total number of reads in the measurement. This calculation normalizes the read density measurement and, therefore, can be used for comparisons within and between tissue samples (33) .
Based on the de novo sequencing and analysis of ginseng roots, the present study identified the top 10 most frequent transcripts in the ginseng transcriptome library (Table III) . The most abundant ginseng transcript (RPKM=10,5492.1408) was annotated as a ribonuclease-like storage protein. Of note, this type of protein has been identified as the most abundant root protein of ginseng in comparative proteome analysis (34) . The present study hypothesized that the ribonuclease-like storage protein may accumulate in the leaf-expansion period to accompany changes in the physiological characteristics of ginseng as the aerial parts of ginseng grow rapidly during this stage, which requires a high level of nutrients. Additionally, transcripts encoding β-amylase were expressed at high levels as starch is the most abundant component of ginseng roots.
Based on the frequencies of transcripts in the ginseng transcriptome library, the present study found that several of the candidate genes associated with environment stress were expressed at high levels. To survive under different levels of stress, plants have developed mechanisms to perceive external signals and manifest adaptive responses, accompanied by appropriate physiological changes (11) . One of the notable plant defense responses is the induction of PRs, which have been classified into 17 families, based on their structural differences, serological associations and biological activities (35, 36) . In total, five groups of PRs were found in the present study, including PR1, PR2, PR4, PR5 and PR10, which have been characterized as β-1, 3-glucanases, chitinases, and thaumatin-like and ribonuclease-like proteins (37, 38) . The PR10 protein was first described in cultured parsley cells, and this protein family consists of relatively diverse members, which are sub-grouped into different functional classes (39) . It has been suggested that PR10 proteins are involved in plant defense as the genes are usually induced in environmental stress and attack by various pathogens. To date, three previously isolated PR10 proteins from ginseng have been characterized as ribonucleases (RNases), and several purified PR10 proteins have exhibited in vitro RNase activity (11, 40) . Other PRs were also expressed at high levels in the present study, and high expression levels of PRs during this growth period are associated with the growth environment.
As shown in Table V , several antioxidant enzymes expressed at high levels were also identified. Catalase (CAT), the antioxidant enzyme with the highest level of expression, was shown to be abundant in the rhizome, and has also been identified in seedling shoots of 4-year-old ginseng and 11-year-old ginseng cultured in vitro (41) . Superoxide dismutase, found in the mitochondrial intermembrane space, catalyzes dismutation of the superoxide radical to H 2 O 2 and oxygen (42) . H 2 O 2 is converted to water and oxygen by catalase, ascorbate peroxidase or glutathione peroxidase in peroxisomes; glutathione peroxidase enzymes also have the ability to detoxify peroxides (43) . Each of these enzymes has a physiological function in the absence of stress, and they are all increased under abiotic stress (42) . CAT is significantly induced under different stresses, including heavy metals, plant hormones, osmotic agents, high light irradiance and abiotic stresses (44) .
The present study found that certain metal stress proteins were expressed at high levels, including metallothionein-like MT-3 and metallothionein type 2, which have metal-chaperoning and reactive oxygen species-scavenging functions (45) . Certain HSPs, including HSP90, HSP70, HSP60 and small HSPs, were also abundant in the library produced in the present study. In stressful conditions, HSPs assist in the ability of individual cells to cope with stress by maintaining important cellular processes (46) . Although HSPs are active in cells under normal circumstances, their functions are important in cells under conditions of stress (47) . Five types of salt-responsive proteins were expressed at high levels, including salt-responsive proteins 1-5, as well as water stress-induced proteins, including dehydrin, lipid transfer, late embryogenesis abundant and Dc2.15 proteins (48). Dehydrins, including Lea proteins, typically accumulate in low temperatures or under conditions of water-deficit, and are considered to be involved in freezing and drought tolerance in plants (49, 50) .
Although ginseng is used worldwide, its sources are limited. It grows in the shade, and has strict temperature and water requirements; any changes in the environment affect its growth. During extended cultivation, ginseng may be attacked by several abiotic and biotic pathogens, resulting in severe damage (51, 52) . In the present study, it was found that genes associated with environmental stress are active during ginseng growth. These genes respond to environmental changes, affecting the growth of ginseng and the accumulation of products during extended cultivation.
In conclusion, the present study performed de novo transcriptome sequencing of ginseng in the leaf-expansion period using the Illumina platform. In total, >40,000,000 sequencing reads were produced and assembled into 100,533 unique sequences. By performing BLAST analysis of the unigenes against public databases (Nr, Swiss-Prot, KEGG and COG), functional annotations and classifications were obtained. The large number of transcriptomic sequences produced and their functional annotations provide valuable resources for molecular investigations of ginseng. In addition, several candidate genes were identified, which are potentially involved in growth and environmental stress responses; identification of this set of candidate genes is valuable for further investigations.
